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Abstract 
Brushes Formed from Diblock Copolymers 
Xi Chen 
Lynn Penn Supervisor, Ph.D. 
 
     This thesis describes the characterization of polymer tailored surfaces by means of quartz crystal 
microbalance with dissipation monitoring and contact angle measurement.  There are three projects 
described in this thesis: a) investigation of adsorption of different homopolymers to silica surfaces; b) 
investigation of adsorption of different diblock copolymers to silica surfaces; c) investigation of 
sequential adsorption of diblock copolymers to silica surfaces and demonstration of the responsiveness of 
mixed-polymer layers.  In the adsorption studies, quartz crystal microbalance with dissipation played an 
important role in characterization of tailored surfaces.  Two methods, Sauerbrey equation and Voigt 
model, were used for analysis of tailored surfaces.  In the surface responsiveness studies, contact angle 
measurement played a key role in characterization of the conformational changes of different surface. 
 
 
 
  
 
    
 
Chapter 1. Introduction 
 
1.1 Introduction to Polymer Brushes 
 
     Polymer brushes are solvated polymer chains each attached by one end to a solid surface. If the 
attachment density is low, the solvated polymer chains will stay in spherical conformations on the 
surface, forming a mushroom layer.  If the surface attachment density is sufficiently high, the solvated 
polymer chains will stretch away from the surface to avoid mutual overlap.1-3  Illustrations of the 
mushroom layer and brush layer are shown in Figure 1.1. 
 
 
Figure 1.1. Illustration of a mushroom layer of solvated polymer chains (left) and a brush layer of 
solvated polymer chains (right). 
 
     Polymer brushes are used to modify solid surfaces to many needs, such as reduction of friction and 
wear, tunable adhesion, repulsion of contaminants, conferring of biocompatibility, controlled release of 
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medicine.  Multifunctional and complex brushes can be constructed by the grafting of different polymers 
(with the same or different lengths) on the same surface.4-6  Furthermore, stimulus-responsive brushes can 
be constructed; these result in surfaces that can change properties in response to different environment.7-8 
 
1.2 Types of Polymer Brushes 
 
     Polymer chains can be attached to a solid surface by means of two different approaches.  In the 
construction of polymer brushes from end-functionalized homopolymers, each chain has a functional 
group at one end that reacts covalently or coordinationally with the functional groups on the solid surface. 
The rest of the chains are vertically stretched away from the surface and stay solvated in the solvent, 
resulting in the formation of a brush.9   In the construction of polymer brushes from diblock copolymers, 
the copolymers are dissolved in a selective solvent which is good for one of the blocks and poor for the 
other block. The poorly dissolved block strongly adsorbs to the solid surface, anchoring the well 
dissolved block to the solid surface.10-12  The adsorbing block is designated the “anchor block”.  The non-
adsorbing block, designated the “buoy block,” remains solvated and stretches away from the surface to 
form a bristle of the brush.  The polymer brushes formed by the above two approaches can be synthesized 
in advance to have the desired degree of polymerization and polymer dispersity index.  Use of the well-
controlled, pre-synthesized polymers can produce well-defined brushes.  These two methods for surface 
attachment are illustrated in Figure 1.2. 
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Figure 1.2. Illustration of the construction of polymer brushes formed by end-functionalized 
homopolymers (left) and diblock copolymers (right).  
 
1.3 Advantages of Diblock Copolymer Brushes 
 
     The use of diblock copolymers for the construction of brushes has many potential advantages in 
comparison with the use of end-functionalized homopolymers.  End-functionalized homopolymers 
require pre-preparation of the solid surface while diblock copolymers require no pre-preparation.9  In 
other words, only a few surfaces are amenable to the attachment of end-functionalized homopolymers but 
all surfaces are amenable to the attachment of diblock copolymers.  End-functionalized homopolymers 
form covalent or coordination bonds with the solid surface so that they are fixed on the surface and cannot 
move laterally; while adsorbed (e.g. by hydrogen bonds, dipole-dipole force) diblock copolymer chains 
can adjust laterally.  The work described in this thesis was focused on the adsorption of diblock 
copolymer brushes to solid surfaces and the characterization of their behaviors. 
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Chapter 2. Instrumental Method and Modeling 
 
2.1 Introduction to Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 
 
     The quartz crystal microbalance with dissipation monitoring is an ultrasensitive weighing device for 
surface characterization.  QCM-D enables real-time, nanoscale monitoring and characterization of thin 
layers on various surfaces in terms adsorption, desorption, molecular interactions and structural 
properties.  Originally, the quartz crystal microbalance (QCM) was used for analysis of mass changes on 
rigid surfaces in air or vacuum.  Later, QCM with dissipation monitoring was developed for providing 
information on viscoelastic properties of adsorbed layers in liquid.  
 
2.2 Principle of QCM 
 
     QCM relies on application of alternating current to a piezoelectric crystal, causing the crystal to 
oscillate at its resonance frequency.  The crystal is in the form of a thin disc, and a pulse of current can set 
it into free vibration.  When the current is turned off, the amplitude of oscillation decays exponentially.  
This decay is recorded in terms of two parameters: the resonance frequency (Δf) and the energy 
dissipation factor (ΔD).  The relative change in mass (Δm) coupled to the quartz crystal surface is 
reflected by the change in Δf.  The Sauerbrey equation is used to represent the relationship between the 
change in mass and the change in oscillation frequency13: 
∆𝑚 = −𝐶 ∙
∆𝑓𝑛
𝑛
                                                     (2.1) 
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where n is the vibrational mode number (i.e., 1, 3, 5, 7, 9…); Δfn is the change in frequency of the nth 
vibrational mode; and C is a constant that depends on the thickness and intrinsic properties of the crystal 
sensor disc.  For an AT-cut, 5-MHz quartz crystal (the only type used in the present work), the value of C 
is set by: 
C =
ℎ0𝜌0
𝑓0
                                                              (2.2) 
where h0 is the thickness of the quartz (3.3 x 10-4 m); ρ0 is the density of quartz (2648 kg·m-3), and f0 is 
the fundamental resonance frequency (5 MHz).  Therefore, C is equal to 17.7 ng·cm-2·Hz-1 for a 5-MHz 
sensor crystal.14-15  
      
     Sauerbrey’s relation can only be used accurately for determination of the mass added to the surface 
under the following three assumptions13, 16: 
(i) the added mass is small compared with the mass of the sensor crystal, 
(ii) the added mass is rigidly adsorbed with no slip or deformation relative to the oscillating surface of the 
crystal, 
(iii) the added mass is evenly distributed on the sensor surface. 
Therefore, the traditional QCM technique is most effectively used in a vacuum or in a gas.  In the 1980s, 
QCMs were introduced to study the adsorption or molecular interaction in a liquid environment.16-18  
When the adsorption of the layer is monitored in a liquid environment, the trapped solvent makes the 
adsorbed layer become viscous and soft, which, in turn, causes dissipation of vibrational energy (the 
mechanical losses in the system).  Thus, the analysis of frequency alone is not sufficient to determine the 
mass of the added layer, and another method of analysis that considers the dissipation is needed to fully 
characterize such materials. 
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2.3 Principle of QCM-D 
 
     The QCM-D measures both frequency drop and energy dissipation caused by material coupled to the 
surface of the quartz crystal.  After the pulse of current applied to the crystal to set it in motion ends, the 
amplitude of oscillation decreases at a rate that depends on energy dissipation.  Dissipation (D) is defined 
as: 
𝐷 =
𝐸𝑙𝑜𝑠𝑡
2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
                                                (2.3) 
where Elost is the energy dissipated during one oscillation cycle and Estored is the total energy stored in the 
oscillating system.  The measurement of dissipation provides information about the viscous character of 
the adsorbed layer.  In general, as the rigidity of the adsorbed materials decreases, the dissipation factor 
increases.  When the change in dissipation (ΔD) is less than an arbitrarily accepted critical value, 2 x 10-6, 
the Sauerbrey equation is still valid for coupled mass in liquid medium.19-20  In this case, the solvent effect 
is considered small enough and the adsorbed layer can be viewed as ultrathin and rigid.  In other words, 
the adsorbed layer is elastic and not viscoelastic.  Also, for an elastic layer, the frequencies at different 
vibrational modes will be superimposed.  By contrast, when ΔD exceeds the critical value (2 x 10-6), the 
coupled mass exhibits significant viscous behavior, and the Sauerbrey equation is no longer valid for 
directly estimating the mass of the adsorbed layer.  In fact, use of the Sauerbrey equation in such cases, 
produces an overestimate of the coupled mass.  For such viscoelastic layers, theoretical representations of 
viscoelastic behavior based on the Voigt model can be applied.21   
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2.4 Fundamentals of Voigt Model 
 
The Voigt model is the most common viscoelastic model system used for characterizing an adsorbed 
layer surrounded by a Newtonian fluid in QCM-D measurements.22  It can be described as: 
𝐺∗ = 𝐺′ + 𝑖𝐺′′ = 𝜇1 + 𝑖2𝜋𝑓𝜂1                           (2.4) 
where G’ is the storage modulus, G’’ is the loss modulus, μ1 is the elastic shear modulus of the layer, f is 
the resonance frequency (f = n f0, where n is the overtone number and f0 is the fundamental frequency), η1 
is the viscosity of the layer.  The software supplied from Q-sense, Q-Tools (Goteborg, Sweden) can 
interpret the QCM-D data, based on the Voigt model, to estimate viscoelastic properties of an adsorbed 
layer on a quartz crystal senor disc as shown in Figure 2.1.  When the adsorbed layer is assumed to be 
homogeneous with uniform thickness and covers the entire active area of the quartz crystal sensor, the 
QCM-D data (Δf and ΔD) can be correlated to the physical properties of the adsorbed layer and the bulk 
liquid such as density (ρ), viscosity (η), shear modulus (μ), and thickness (h).  According to the work of 
Voinova et al.,21 Δf and ΔD can be expressed as functions of those physical properties as follows: 
∆𝑓 = Im(
𝛽
2𝜋𝜌0ℎ0
)                                       (2.5) 
∆𝐷 = −Re(
𝛽
𝜋𝑓𝜌0ℎ0
)                                     (2.6) 
where 
𝛽 = ξ1
2𝜋𝑓𝜂1 − 𝑖𝜇1
2𝜋𝑓
1 − 𝛼 exp(2𝜉1ℎ1)
1 + 𝛼 exp(2𝜉1ℎ1)
 
𝛼 =
𝜉1
𝜉2
2𝜋𝑓𝜂1 − 𝑖𝜇1
2𝜋𝑓𝜂2
+ 1
𝜉1
𝜉2
2𝜋𝑓𝜂1 − 𝑖𝜇1
2𝜋𝑓𝜂2
− 1
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ξ1 = √−
(2𝜋𝑓)2𝜌1
𝜇1 + 𝑖2𝜋𝜂1
 
ξ2 = √𝑖
2𝜋𝑓𝜌2
𝜂2
 
where ρ represents density, η represents viscosity, μ represents shear modulus, h represents thickness; and 
where subscripts 0, 1, and 2 represent the quartz crystal, the adsorbed layer, and the bulk liquid, 
respectively.  Δf and ΔD can be fitted according to Equations (2.5) and (2.6) using the Qtools software to 
generate the values of viscosity, shear modulus and thickness of the adsorbed layer.  The best fit between 
the Voigt model and the experimental data can be obtained by minimizing the chai-squared function, 
given by23: 
𝜒2 = ∑ (
(∆𝑓𝑛
𝑉𝑜𝑖𝑔𝑡
−∆𝑓𝑛
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
)
2
𝜎𝑓,𝑛
+
(∆𝐷𝑛
𝑉𝑜𝑖𝑔𝑡
−∆𝐷𝑛
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
)
2
𝜎𝐷,𝑛
)𝑛                       (2.7) 
where ΔfnVoigt and ΔDnVoigt are modeled values and Δfnexperimental and ΔDnexperimental are the measured values, 
σf,n and σD,n are the standard deviations for Δf and ΔD at different vibrational modes, n.  The minimization 
process is followed by the simplex method, also known as the Nelder-Mead method.24  To predict the 
layer thickness, the Voigt analysis must be performed by setting the minimum and maximum values of 
three fitting parameters, η1, μ1 and h1, and constant values of three fixed parameters, ρ1, ρ2 and η2. 
Parameters ρ0 and h0 are built-in values provided by the software, only dependent with the type of quartz 
crystal sensor discs.  An example of the fitting process will be discussed in detail in Section 4.1.2. 
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Figure 2.1. A schematic diagram of the Voigt model related to adsorption of a layer on a quartz crystal 
sensor.  The bulk liquid is assumed to be a Newtonian fluid.  The adsorbed layer is assumed to be single 
and homogeneous with uniform thickness.  Eight physical parameters can fully define the system.  Quartz 
crystal: ρ0 – density, h0 – thickness.  Adsorbed layer: ρ1 – density, η1 – viscosity, μ1 – shear modulus, h1 – 
thickness.  Bulk liquid: ρ2 – density, η2 – viscosity. 
 
2.5 Experimental Set-up of QCM-D 
 
     In the present work, a Q-Sense Analyzer (previously named Q-Sense E4) was used.  The QCM-D 
measurements were performed in flow cells with standard flow modules.  Quartz crystal sensor discs were 
placed in the flow modules.  Four measurements were performed simultaneously in parallel to verify 
reproducibility.  The temperature of the flow cells was controllable over the range of 15 – 40 °C.  An 
Ismatec peristaltic pump (IPC-4, with four channels) was connected to the QCM-D to pump solutions 
through the flow cells at a very low flow rate, 88 μL/min.  Polymer solutions were sonicated, micro-
filtered and degassed before being pumped through the flow cells.  The changes of frequencies and 
dissipations were monitored in real time and recorded graphically as functions of time by a program, 
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Qsoft401 (from Q-Sense).  The data can be extracted from Qsoft and imported to the analysis software, 
Qtools (from Q-Sense). 
      
     The vibrating quartz crystals used as sensors in this work were silica coated AT-cut sensors with 
fundamental frequencies of 4.95 MHz (QSX 303, from Q-Sense).  The crystals were cleaned following 
the suggested steps by Q-Sense: 1) UV-ozone treatment for 10 mins; 2) immersion in the solution of 2% 
sodium dodecyl sulfate (SDS) in milli-Q water at room temperature for 30 mins; 3) rinsing with milli-Q 
water and drying with argon gas; and 4) UV-ozone treatment for 10 mins.  Contact angle measurements 
confirmed the cleanliness of bare silica surfaces (< 10°).  The quartz crystal can be coated with a variety 
of materials, not limited to silica, but different cleaning methods must be applied, depending on the types 
of surfaces and what needs to be removed from the surfaces. 
 
     Prepared solutions were circulating through the entire system during the QCM-D measurements as 
shown in Figure 2.220.  In the present work, the volumes of used were 50 to 100 mL; concentrations used 
were in the range of 0.0005 mM to 0.001 mM.  For each experiment, the amount of polymer that adsorbs 
to the four sensor discs is negligibly small compared with the total amount of polymer in each solution (< 
0.1%).  Therefore, the concentration of the circulating solution for each QCM-D run can be assumed to be 
constant, even though a tiny portion of the solute will be removed from solution as a result of adsorption 
to the sensor discs.  
 
      At the beginning of each experiment, pure solvent must be pumped through the flow cells to serve as 
a reference.  When the pure solvent is introduced to the sensor discs, there will be a large frequency drop 
and a large dissipation increase.  The system usually takes hours to stabilize.  Once the Δf and ΔD are 
stabilized (leveled off), they can be reset to zero to establish a baseline so that the solvent effect on Δf and 
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ΔD can be removed electronically.  After the baseline is established, the solution can be pumped through 
the system.  The frequency will drop if the solute adsorbs to the surface or will stay at zero if the solute 
does not adsorb to the surface.  At the end of each experiment (i.e., the adsorption reaches the maximum 
amount and Δf and ΔD are leveled off), the same solvent must be reintroduced to the system to rinse off 
any residuals that are not coupled to the sensor discs.  In this work, solutions were made of different 
polymers dissolved in toluene (99.9%, HPLC grade, from Sigma-Aldrich).  Therefore, toluene was 
pumped through the flow cells at the beginning of each experiment as a reference and was used for 
rinsing off residuals at the end of each experiment.  
 
 
Figure 2.2. Circulation system of solutions for QCM-D measurements. 
 
2.6 Contact Angle Measurement 
 
     The tailored silica surfaces were characterized with contact angle measurements.  The surfaces were 
dried with argon gas (Airgas) before the contact angle measurements were made.  The advancing contact 
angles of sessile drops of water were measured with a custom-made goniometer.  Two droplets of milli-Q 
water (each 1.0 μL) were placed on each silica sensor disc of interest to produce the advancing contact 
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angle.  Two measurements were taken from each droplet.  Since adsorption was monitored in four flow 
cells simultaneously, the contact angles were reported as the average ± the standard deviation of eight 
replicate measurements.  
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Chapter 3. Adsorption of Homopolymers 
 
     This chapter describes the study of the adsorption of three homopolymers to silica surfaces from 
toluene solutions by QCM-D.  The three polymers used were poly(4-vinyl pyridine) (PVP), poly(ethylene 
glycol) (PEG), and polystyrene (PS).  As previously mentioned in Chapter 1, a diblock copolymer brush 
must contain two components: a solvent-preferred buoy block and a substrate-preferred anchor block.  
Thus, the study of adsorption of each individual homopolymer plays an important role for the further 
study of the formation of diblock copolymer brushes.  Understanding the interactions between the 
homopolymers and the silica surface helps the selections of temperature, concentration, and the size and 
composition of diblock copolymers.   
 
3.1 Adsorption of PVP  
 
After Alexander3 and de Gennes2 proposed that polymer chains can form a “brush-like” conformation 
when they are confined in a small space, Tirrell25 showed experimental evidence for this unusual polymer 
chain conformation.  Tirrell and his coworkers synthesized a PS-PVP diblock copolymer and found that 
the PVP block could adsorb to a mica substrate in a nonpolar solvent while PS could extend into the 
solvent.  In the work described in the present thesis, we aim to justify PVP as a good anchor block that 
strongly adsorbs to the silica surface from toluene.  
 
     A silica surface contains hydroxyl groups (–OH) that either can react with selected functional groups 
or can form hydrogen bonds with highly electronegative atoms.  A PVP chain that contains nitrogen 
atoms can form hydrogen bonds with the –OH groups of a silica surface.26  The chemical structure of PVP 
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and an illustration of a silica surface are shown in Figure 4.  Besides, toluene is a poor solvent for PVP.  
The formation of H-bonds and the poor solvency of PVP drive the adsorption of the PVP block to the 
silica surface. 
 
 
Figure 3.1. Illustration of the formation of hydrogen bonds between PVP and silica surfaces.    
 
3.1.1 Materials and Experimental  
 
     PVP, (Mw = 10,200, PDI = 1.08) was purchased from Polymer Source, Inc.  A solution of 0.0005 mM 
PVP (Mw = 10,200) in toluene was prepared as described in Section 2.5.  Four cleaned and identical silica 
sensor discs were placed in the four flow cells of the QCM-D.  Pure toluene solvent was continuously 
pumped through the flow cells at a constant temperature, 25 °C.  When a flat baseline was achieved, the 
PVP solution was then introduced to the flow cells.  The software, Qsoft, was set to record the frequency 
and dissipation changes at the 3rd, 5th and 7th vibrational modes (n = 3, 5, and 7). The fundamental 
frequency and dissipation changes of n = 1 were excluded due to high noise.27-29  When the frequency and 
dissipation changes reached equilibrium, pure toluene solvent was used to rinse off any “unsticking” 
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chains.  Contact angle measurements were used to determine whether PVP was strongly adsorbed to the 
silica surface or not.   
 
3.1.2 Results and Discussion 
 
     The QCM-D response (frequency and dissipation changes at vibrational modes n = 3, 5 and 7) of the 
adsorption of PVP on silica from toluene is shown in Figure 3.2.  The results shown in Figure 3.2 show 
the adsorption of PVP occurring in one of the four flow cells.  The adsorption occurring in the other three 
flow cells yielded almost identical results.  The silica surface was first exposed to pure toluene to 
establish a baseline.  Exposure to toluene was continued for 20 mins, after which each silica surface was 
exposed to the PVP solution.  The frequency first decreased sharply and then slowly plateaued to -5 Hz. 
When Δf leveled off, the silica surface was rinsed with toluene.  The small increase in frequency after a 
toluene rinse indicates that only a small amount of mass desorbed during the rinsing process.  The 
frequency changes for three vibrational modes are almost superimposed.  The three dissipation changes 
were also superimposed and negligibly small.  The fact that the frequencies of different vibrational modes 
are superimposed, plus the negligibly small dissipation values, indicate that the adsorbed PVP layer is 
thin, flat and rigid, as desired for an anchor block. 
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Figure 3.2. QCM-D response (Δf and ΔD) of the adsorption of 0.0005 mM PVP (Mw = 10,200) on silica 
from toluene at 25 °C.  Vibrational modes are indicated by the odd numbers, 3, 5 and 7, e.g., “f3” 
represents the Δf at n = 3.  ΔD values are negligibly small, not deviating noticeably from zero. 
 
     Since the properties of the adsorbed layer fulfill the assumptions of the Sauerbrey equation, the 
frequency changes can be directly converted to mass changes by equation (2.1).  The results of the mass 
change on one of the sensor discs are shown in Figure 3.3.  The average maximum amount of adsorbed 
PVP chains on silica surfaces in the four flow cells is 85 ± 2.8 ng/cm2.  The contact angle of water 
changed from <10° on bare silica to 59.4 ± 3.0° on the PVP-covered silica, confirming full coverage of 
the sensor disc with PVP.  Therefore, PVP is a good anchor block at 25 °C.  
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Figure 3.3. Adsorbed mass (in ng) per unit area (in nm2) of the PVP (Mw = 10,200) chains obtained by 
the Sauerbrey equation.  Vibrational modes are indicated by n. 
 
3.2 Adsorption of PS 
 
     Polystyrene is a nonpolar polymer that is considered as a good buoy block in our materials system of 
silica and toluene.  Some studies have shown that the nonpolar polystyrene can adsorb to a polar surface 
like silica under θ conditions (θ solvents like cyclohexane or θ temperatures)30-32.  However, toluene is a 
good solvent for PS so that PS would prefer to stay in the solvent rather than sticking to the silica surface.  
We want to perform a control experiment by QCM-D, confirming that PS does not adsorb to a bare silica 
surface from toluene at 25 °C.   
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3.2.1 Materials and Experimental 
 
     PS (Mw = 45,730, polymer standard, PDI = 1.0) was purchased from Aldrich Chemical Co. A solution 
of 0.001 mM PS (Mw = 45,730) in toluene was prepared.  The procedures were the same as the ones 
discussed in Section 3.1.1. 
 
3.2.2 Results and Discussion 
 
     Δf and ΔD at n = 3, 5, and 7 for the exposure of silica sensor discs to PS solution at 25 °C remained at 
zero.  This result indicates no adsorption of PS to silica.  The average contact angle of water on the 
surface was negligibly higher than 10° (contact angle of water on a bare silica surface).  Surfaces covered 
with PS yield contact angles in the range of 80 to 90°, values reported by many scientists.33-34  In 
conclusion, the lack of frequency change and the very low contact angle both indicate that PS does not 
adsorb to the silica surface from toluene at 25 °C. 
 
3.3 Adsorption of PEG 
 
     PEG is a polyether compound with many applications from industrial to medical.  Although PEG is a 
moderately polar compound that can interact with the –OH groups on silica surfaces, PEG is well 
solvated in toluene, so that PEG may be considered as a buoy block rather than an anchor block.  We 
investigated the adsorption of PEG having two molecular weights to silica from toluene at 25 °C by 
QCM-D.  We also compared the adsorption of PEG and PVP (discussed in Section 3.1) to verify that 
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PEG can be a buoy block anchored by PVP in the construction of PEG-b-PVP diblock copolymer brushes 
on silica from toluene.   
 
3.3.1 Materials and Experimental 
 
     Separate solutions at 0.0005 mM of PEG-2OH (Mw = 22,500, PDI = 1.06, purchased from Polymer 
Standard Service, designated PEG-22k), PEG-2OCH3 (Mw = 2,200, PDI = 1.08, purchased from Polymer 
Source Inc., designated PEG-2.2k) were prepared in toluene.  Solutions were pumped through the flow 
cells in separate QCM-D runs. The following procedures were the same as those discussed in Section 
3.1.1.   
 
3.3.2 Results and Discussion 
 
     The QCM-D response of the adsorption of PEG-22k to silica from toluene is shown in Figure 3.4.  The 
ΔD at n = 3, 5 and 7 were superimposed and increased from zero to ~ 0.4 x 10-6.  Although low, this value 
is higher than the ΔD for the adsorption of PVP (Mw = 10,200), indicating that the adsorbed PEG-22k 
layer has slightly more viscous character than the PVP layer (measured previously).  The frequencies (n = 
3, 5 and 7) rapidly decreased and then plateaued at -2.5 to -3.5 Hz.  Δf values of different vibrational 
modes were not perfectly superimposed, another indication that the adsorbed PEG-22k layer has slightly 
more viscous character than the PVP layer does.  The small increase of the three frequencies upon rinsing 
with toluene suggests that some PEG-22k chains came off during the rinsing process.  The frequencies 
finally stabilized at -2.6, -2.5 and -2.2 Hz for n = 3, 5 and 7, respectively, which were only about half of 
the magnitude of the final frequency drop (-5 Hz) for adsorption of PVP (Mw = 10,200) from toluene.   
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Figure 3.4. QCM-D response (Δf and ΔD) of the adsorption of 0.0005 mM PEG-22k on silica from 
toluene at 25 °C.  Vibrational modes are indicated by the odd numbers, 3, 5 and 7, e.g., “f3” represents 
the Δf at n = 3.  Note that Δf values of different vibrational modes are not perfectly superimposed.  Small 
increases in Δf values at right (4.7 hours) are caused by the rinsing procedure.  ΔD values are negligibly 
small (< 2 x 10-6). 
   
     For the adsorption of PEG-2.2k to silica from toluene, the Δf values at n = 3, 5 and 7 rapidly dropped 
and plateaued at -0.5 Hz.  Since the change was very small, the deviation between different vibrational 
modes was hard to observe.  In this case, the frequency drop was only 10% of the final frequency change 
of the adsorption of PVP.  The ΔD values at n = 3, 5 and 7 stayed at zero.  This small frequency change 
indicates that only a few PEG-2.2k chains adsorb to the silica surface.  The desorption of PEG-2.2k 
chains after the rinse with toluene was not observed.  The contact angle of water on the silica exposed to 
PEG-2.2k was 48.0 ± 3.0°, consistent with the full coverage of the silica by PEG. 
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     The result of the adsorption of PEG suggests that PEG does adsorb to the silica surface.  However, no 
matter what molecular weight of PEG is, it does not adsorb to silica as strongly as PVP does.  In other 
words, PEG has weaker interactions with silica than PVP does and stronger interactions with toluene than 
PVP does.  From this, we conclude that in the construction of PEG-b-PVP diblock copolymer brushes on 
silica from toluene, the PVP chains should serve as a good anchor block for PVP-b-PEG diblock 
copolymer brushes.  A further investigation of the affinities of PVP and PEG to silica surfaces will be 
discussed in the following paragraphs, which provides more solid evidence that PVP has higher affinity to 
silica than PEG does. 
 
     To further confirm that PEG can be a good buoy block in the construction of PEG-b-PVP diblock 
copolymer brushes, we investigated sequential adsorption of PEG and PVP.  The solutions used in this 
experiment were the same as the solutions described in the previous experiments.  The QCM-D response 
of the sequential adsorption of PEG-22k followed by PVP (Mw = 10,200) is shown in Figure 3.5.  After 
the baseline was established, the silica surface was exposed to the PEG-22k solution, the non-
superimposed frequencies of different vibrational modes leveled off in the range of -2.2 to -3.2 Hz, as 
shown in Region I.  The toluene rinsing process was then applied to the flow cells and the frequencies 
went back to the range of -1.5 to -2.4 Hz, as shown in Region II.  The results of this first part of the 
sequential adsorption are the same as the results of the single adsorption of PEG-22k as discussed before.  
When frequencies leveled off at the end of the rinsing process, the silica surface was exposed to the PVP 
solution, as shown in Region III in Figure 3.5.  The three frequencies sharply decreased to the range of -
3.5 to -4.4 Hz, and then after rinsing returned to the range of -3.3 to -4.2 H, as shown in Region IV.  ΔD 
values increased to and stayed at ~0.4 x 10-6 during the processes I and II, but then gradually decreased to 
~0.2 x 10-6 during the processes III and IV.  The total frequency drop (~3.8 Hz) after exposure of the 
silica surface to PEG solution and PVP solution sequentially is somewhat greater than exposure to PEG 
solution alone (~2.5 Hz) but no greater than exposure to PVP solution alone (~4.0 Hz).  This result 
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suggests that PVP chains might displace some or even all the previously-adsorbed PEG chains on silica 
from toluene.  We already showed that PVP has a higher affinity to silica surfaces than PEG does 
(Figures 3.2 and 3.4).  Combining this with the fact that toluene is a better solvent for PEG than for PVP, 
we conclude that PEG can be used as a buoy block in the construction of PVP-b-PEG diblock copolymer 
brushes on silica from toluene.   
 
 
Figure 3.5. QCM-D response (Δf and ΔD) of the adsorption of 0.0005 mM PEG-22k followed by 0.0005 
mM PVP (10,200) on silica from toluene at 25 °C.  Vibrational modes are indicated by the odd numbers, 
3, 5 and 7, e.g., “f3” represents the Δf at n = 3.  The Roman numerals I, II, III and IV represent four 
different regions which are separated by the dashed lines.  I, II, III and IV represent the exposures of silica 
sensors to PEG-22k in toluene and to PVP (Mw = 10,200) in toluene, respectively.   
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3.4 Conclusion 
 
     The investigation of the adsorption of each homopolymer (PVP, PS and PEG) separately to silica 
surfaces from toluene shows that PVP is a good anchor block and PS and PEG are good buoy blocks.  
PVP strongly adsorbs to silica from toluene at 25 °C.  PS does not adsorb to silica from toluene at 25 °C 
at all.  PEG weakly adsorbs to silica from toluene at 25 °C.  These observations verify that PVP is a good 
anchor block, PS is a good buoy block, and in competition PVP is a stronger anchor block than PEG.  
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Chapter 4. Adsorption of Diblock Copolymers 
 
     This chapter describes the study of the adsorptions of two types of diblock copolymers to silica 
surfaces from toluene solutions by QCM-D.  The two types of diblock copolymers used were poly(vinyl 
pyridine)-block-polystyrene (PVP-b-PS) and poly(vinyl pyridine)-b-poly(ethylene glycol) (PVP-b-PEG).  
As previously described for homopolymers, the substrate is silica and the solvent is toluene.  Therefore, 
for each type of diblock copolymer brush, PVP acts as anchor block, and PS or PEG act as the buoy 
blocks.  In the study of PVP-b-PS, the effects of temperature, concentration and size of the anchor blocks 
on the layer thickness were explored.  The Voigt model was applied for the determination of layer 
thickness.  The study of PVP-b-PEG was mainly used to confirm brush formation by PVP-b-PEG on 
silica from toluene.   
 
4.1 Adsorption of PVP-b-PS 
 
     Many theoretical studies of the structure and formation of the polymer brush layer have been 
conducted.12, 35-39  Brushes formed by the adsorption of PVP-b-PS diblock copolymers have been studied 
experimentally in the past as well.  Various techniques have been applied to for characterization of the 
PS-b-PVP brush layer, including ellipsometry40-42, surface force apparatus (SFA)43, deuterium NMR 
relaxation time measurements44, X-ray photoemission spectroscopy (XPS)44, and surface-enhanced 
Raman scattering (SERS)45.  Our aim is to show the effects of temperature, concentration, and anchor 
block size on the thickness of the PVP-b-PS brush layer by means of the QCM-D technique. 
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4.1.1 Materials and Experimental 
 
     Three molecular weights of PVP-b-PS (diblock copolymers) were purchased from Polymer Source, 
Inc.  The characteristics of each PVP-b-PS are summarized in Table 4.1.  Note that the PDIs are low, 
indicating the polymers are nearly monodispersed.  Three polymers were separately dissolved in toluene 
at two concentrations: 0.0005 mM and 0.001 mM.  The two concentrations for all three molecular weights 
were all below the critical micelle concentration (cmc), 0.065 mg/mL46.  Our solutions allowed adsorption 
to silica from nonmicellar solutions and avoided the complication of adsorption of micelles.  Solutions 
were used for QCM-D measurements using the same procedures as those described in Section 3.1.1.  
Temperature was controllable in the QCM-D flow cell and two temperatures, 15 and 25 °C, were used in 
this experiment.  Silica surfaces were exposed to each polymer solution for 48 hours (much longer than 
for the adsorption of homopolymers) due to the large size of the polymers, yielding slower diffusion and 
possibly slower adsorption. 
 
Table 4.1. Molecular Characteristics of PVP-b-PS Diblock Copolymers  
Diblock Copolymer PVP block Mn PS block Mn PDI 
PVP-PS 3k/47k 2,600 47,000 1.10 
PVP-PS10k/47k 10,000 47,000 1.10 
PVP-PS 25k/47k 25,000 47,000 1.15 
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4.1.2 Layer Thickness Determined by the Voigt Model 
 
     The QCM-D response of the adsorption of PVP-b-PS from toluene showed a very high dissipation 
value for all concentrations, temperatures, and molecular weights investigated.  Therefore, the Sauerbrey 
equation does not yield a valid estimate of the mass of the adsorbed layer.  However, the experimental 
frequency and dissipation data can be fitted to the Voigt model in Qtools software to estimate the 
thickness of the adsorbed layer. We will use the QCM-D data of the adsorption of 0.001 mM PVP-PS 
3k/47k on silica from toluene at 15 °C, shown in Figure 4.1, as an example to illustrate how thicknesses 
can be determined.   
 
     In Figure 4.1, frequency first rapidly and then slowly decreased while dissipation first rapidly and then 
slowly increased.  No desorption was observed during the rinsing procedure with toluene.  (A small 
amount of desorption during rinsing would not be noticeable, given the large scale of frequency and 
dissipation changes for the adsorption of diblock copolymer.)  The Voigt analysis was performed by 
setting the minimum and maximum values of the layer viscosity (η1), layer shear modulus (μ1) and layer 
thickness (h1) and constant values of layer density (ρ1), bulk fluid density (ρ2) and bulk fluid viscosity 
(η2), which are shown in Table 4.2.  ρ2 and η2 are literature values of density and viscosity of toluene at 
15 °C.47  It should be noted that, because of the high dilution, ρ1 can be assumed to be the same as the 
bulk fluid (solvent) density48 or the solution density.49  In our study, we used the calculated solution 
density, which was slightly higher than the solvent density.  Besides, the minimum value of η1 should be 
set to the same value as η2.   
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Figure 4.1. QCM-D response (Δfn/n and ΔDn) of the adsorption of PVP-PS 3k/47k to silica from toluene 
at 15 °C.  Vibrational mode numbers are indicated by n.  The dissipation change (right) is not negligible, 
i.e., ΔD > 2 x 10-6.  The frequency and dissipation changes during the first 30 minutes are shown in the 
inset of each figure. 
 
Table 4.2. Parameters Used to Fit the QCM-D Data (at 15 °C) to the Voigt Model in Qtools  
Parameters 
 
Min. Max. 
Layer Viscosity (kg/ms) varied 0.00063 0.001 
Layer Shear (Pa) varied 1 x 105 1 x 109 
Layer Thickness (m) varied 1 x 10-10 1 x 10-7 
Bulk Fluid Density (kg/m3) 871.3 
  
Bulk Fluid Viscosity (kg/ms) 0.00063 
  
Layer Density (kg/m3) 888.2 
  
 
 
     The layer thickness (in nm) of the adsorbed layer as determined from the Voigt model is shown in 
Figure 4.2.  The inset of Figure 4.2 more clearly shows the change of the layer thickness during the first 
30 minutes.  Since the radius of gyration (Rg) of polystyrene (Mw = 47,000) in toluene is about 8.18 nm, 
the thickness of a mushroom layer should be 2Rg ~16.4 nm.  The equilibrium thickness is about 29 nm 
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(much higher than 2Rg), indicating that the PS, or buoy block, has stretched away from the surface and 
the polymer chains are in the brush conformation. The small triangle in the inset figure points out the 
thickness (16.4 nm) of a full mushroom layer which occurs at about 16 minutes.  The moment at which 
the mushroom layer is complete is important, because it is here that we can switch the polymer solutions 
to construct a mixed polymer layer on the surface. 
 
 
Figure 4.2. Change in the thickness of the adsorbed layer of PVP-PS 3k/47k as a function of time, as 
determined from the QCM-D data treated with the Voigt model.  The change in the thickness during the 
first 30 minutes is provided by the inset in the figure.  The small triangle points out the thickness of a 
completed mushroom layer. 
 
     The method described above was applied to the prediction of thickness changes of all the QCM-D runs 
throughout this experiment.  The parameters used to fit the QCM-D data are dependent only on the 
temperature.  Values of parameters that were used for QCM-D measurements performed at 25 °C are 
29 
 
  
shown in Table 4.3.  All frequency and dissipation changes of other QCM-D runs were showing the same 
trends as the example run discussed above, but different values.  Therefore, the thickness changes were 
also showing the same trends, but different equilibrium values.  In the following section, we will only 
report and discuss the final layer thicknesses.  The final layer thicknesses will be reported as the average 
± one standard deviation of the four replicate QCM-D measurements. 
 
Table 4.3. Parameters Used to Fit the QCM-D Data (at 25 °C) to the Voigt Model in Qtools  
Parameters 
 
min max 
Layer Viscosity (kg/ms) varied 0.0005647 0.001 
Layer Shear (Pa) varied 1 x 105 1 x 109 
Layer Thickness (m) varied 1 x 10-10 1 x 10-7 
Bulk Fluid Density (kg/m3) 862.147 
  
Bulk Fluid Viscosity (kg/ms) 0.0005647 
  
Layer Density (kg/m3) 880.0 
  
 
 
4.1.3 Results and Discussion 
 
     The final thicknesses of PVP-b-PS brushes that were constructed under different conditions (i.e., 
different concentrations, temperatures and anchor block sizes) are summarized in Table 4.4.  As has been 
mentioned before, if the final layer thickness exceeds the thickness of a mushroom layer (2Rg, 16.4 nm), 
the final layer should have an extended conformation (brush-like).  It should be noted that the 
concentration and temperature effects on the final layer thickness were studied by only comparing PVP-
PS 3k/47k and 10k/47k.   
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     Interestingly not all copolymers reached the brush conformation.  PVP-PS 25k/47k chains did not 
reach a brush conformation at low concentration (0.0005 mM) and high temperature (25 °C). However, 
this copolymer did form a brush conformation at high concentration (0.001 mM) and low temperature 
(15 °C).  Results for this copolymer are reported in Table 4.4 only for the brush conformation.  This 
apparently unusual behavior can be blamed on the size of the anchor block, discussed in the next section. 
 
Table 4.4. Equilibrium Thicknesses of PVP-b-PS Brushes Constructed under Different Conditions  
 
Copolymer Concentration (mM) Temperature (°C) Thickness (nm) 
PVP-PS 3k/47k 0.0005 15 25.0 ± 1.8 
PVP-PS 10k/47k 0.0005 15 24.3 ± 0.8 
PVP-PS 3k/47k 0.001 15 28.4 ± 1.1 
PVP-PS 10k/47k 0.001 15 29.0 ± 1.6 
PVP-PS 25k/47k 0.001 15 21.0 ± 1.2 
PVP-PS 3k/47k 0.0005 25 22.6 ± 1.5 
PVP-PS 10k/47k 0.0005 25 23.4 ± 0.7 
PVP-PS 3k/47k 0.001 25 25.0 ± 0.6 
PVP-PS 10k/47k 0.001 25 25.7 ± 1.3 
 
 
4.1.3.1 Anchor Block Size Effect on Layer Thickness 
 
     At a given concentration and temperature, the thicknesses of the brush layers formed from PVP-PS 
3k/47k and PVP-PS 10k/47k were statistically the same.  P-values generated from the two-sample t-test 
were 0.52, 0.55, 0.43, and 0.35 for the layer thicknesses of the two molecular weights under conditions 
0.0005 mM/15 °C, 0.001 mM/15 °C, 0.0005 mM/25 °C, and 0.001 mM/25 °C, respectively.  P-values 
were all much greater than 0.05, indicating that the Null Hypothesis of equal means is accepted.  This 
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result can be interpreted in terms of the structure of the brush layer.  In the construction of a brush layer, 
anchor blocks are flattened on the surface while solvated buoy blocks encountering the crowing stretch 
away.  When the size of the anchor block is much smaller than that of the buoy block, only the size of the 
buoy block dominates the surface attachment density and therefore the height of the brush layer.  Thus, 
the same size of buoy block would be expected to yield the same brush height, as observed 
experimentally here. 
 
     The effect of increasing the size of the anchor block was studied further.  Figure 4.3 shows the 
comparison among three different anchor blocks at a given concentration (0.001 mM) and 15 °C.  In this 
case, the largest anchor block takes more space on the surface so that fewer chains can adsorb to the 
surface.  Since the chains are not that crowded, they do not need to stretch away from the surface as 
much.  Therefore, the height of the final brush layer is lower in the case of the largest anchor block than 
that in other cases.  The schematic explanation of the effect of anchor block size on the layer thickness is 
shown in Figure 4.4.  When the anchor block is small enough, the buoy block size dominates the height of 
the layer (shown in Figure 4.4a and b).  However, when the anchor block is above a certain size, the layer 
thickness is controlled by both anchor and buoy block sizes (shown in Figure 4.4c), as observed 
experimentally. 
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Figure 4.3. Comparison of the equilibrium thicknesses of PVP-b-PS layers that have the same buoy block 
size but different anchor block size.  Error bars represent ± one standard deviation for four replicates of 
the experiment. 
 
 
Figure 4.4. Schematic of the effect of the anchor block size on the layer height.  Small anchor blocks 
have no effect on the layer height, shown in a and b.  Large anchor block limits the extension of chains, 
shown in c.  
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4.1.3.2 Concentration Effect on Layer Thickness 
 
     The result of equilibrium thicknesses shows that the layer thickness has a direct relationship with the 
concentration of the polymer solution at a given temperature.  Figure 4.5 shows the comparison between 
the brush heights obtained at low concentration and high concentration at 15 (Figure 4.5a) and 25 °C 
(Figure 4.5b).  No matter what temperature was used, as the polymer concentration increased, the final 
layer thickness increased.  This is due to the fact that at higher concentration more chains adsorb to the 
surface and the attached chains become more crowded, so that they must stretch more.   
 
 
Figure 4.5. Comparison of the equilibrium thicknesses of PVP-b-PS layers that were constructed from 
different concentrations of polymer in solution: a. 15 °C and b. 25 °C.  Error bars represent ± one 
standard deviation for four replicates of the experiment. 
 
4.1.3.3 Temperature Effect on Layer Thickness 
 
     The result of equilibrium thicknesses also shows that the layer thickness has an inverse relationship 
with the temperature at which the adsorption is performed.  Figure 4.6 shows the comparison between the 
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brush heights obtained at low temperature and high temperature at given concentrations, 0.0005 mM 
(Figure 4.6a) and 0.001 mM (Figure 4.6b).  This explanation is that a higher temperature increases the 
solvent quality of the buoy blocks, so that the copolymer chains remain dissolved to a greater extent and 
fewer chains are able to attach to the surface. Therefore, the adsorbed chains are less crowded and stretch 
less. 
 
 
Figure 4.6. Comparison of the equilibrium thicknesses of PVP-b-PS layers that were constructed at 
different temperatures and concentrations: a. 0.0005 mM and b. 0.001 mM.  Error bars represent ± one 
standard deviation for four replicates of the experiment. 
 
4.2 Adsorption of PVP-b-PEG 
 
     Unlike copolymer brushes constructed from PVP-b-PS, brushes constructed from PVP-b-PEG diblock 
copolymers have not been intensively studied.  Because PVP and PEG have similar hydrophilicities, they 
are not likely partners in a diblock copolymer intended for brush construction.  However, according to our 
previous studies of PVP and PEG homopolymers, in which we showed that PEG adsorbed to silica very 
little compared with the strong adsorption of PVP, we believe that PVP-b-PEG chains can form a brush 
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layer on silica from toluene.  The purpose of this study is to show that in the construction of PVP-b-PEG 
brush from toluene, PVP adsorbs to silica and PEG stretches away from the surface.  The adsorption 
process was monitored by QCM-D and the brush layer was characterized by the water contact angle 
measurement.  
 
4.2.1 Materials and Experimental 
 
     PVP (Mw = 3,300)-b-PEG (Mw = 2,000)-OCH3 (PDI = 1.25, designated PVP-PEG 3k/2k) was 
purchased from Polymer Source, Inc.  A 0.0005 mM solution of PVP-PEG 3k/2k in toluene was prepared 
and pre-treated.  The solution was pumped through the flow cells in QCM-D at constant temperature, 
25 °C.  The procedures used were the same as those discussed in Section 3.1.1.  When the QCM-D 
measurement was completed, the four silica discs were dried with argon gas and then measured the 
contact angles with milli-Q water. 
 
4.2.2 Results and Discussion 
 
     The QCM-D response of the adsorption of 0.0005 mM PVP-PEG 3k/2k on silica from toluene at 25 °C 
is shown in Figure 4.7.  The frequencies sharply dropped to -2.0, -3.0 and -4.0 Hz, and then slowly 
approached to -2.2, -3.3 and -4.4 at vibrational modes n = 3, 5 and 7, respectively.  Little to no desorption 
was observed during the toluene rinsing process.  ΔD values increased and leveled off at the low value of 
1.5 x 10-6 for all three vibrational modes. For this case, the arbitrarily excepted critical value of 
dissipation, 2 x 10-6, cannot be taken to indicate complete absence of viscous character.50  The differences 
among the frequencies for the three vibrational modes indicate a non-negligible viscous character as 
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expected for a brush layer.  The low value of ΔD simply indicates that the viscous character is not large 
for these short chains of diblock copolymer.   
 
     The contact angle measurement was used to further confirm the structure of the adsorbed layer.  The 
contact angle of water droplet on the PVP-PEG 3k/2k layer on silica was 49.2 ± 3.6°.  It was compared 
with the contact angles of water droplets on the PVP (Mw = 10,200) (PVP-10.2k) and PEG-OCH3 (Mw = 
2,200) (PEG-2.2k), as shown in Table 4.5.  The contact angle of water droplets on the PVP-PEG 3k/2k 
layer was close to that of the PEG homopolymer layer, and was about 10° lower than that of the PVP 
homopolymer layer.  This result suggests that when the PVP-b-PEG layer was dried and chains collapsed, 
the PVP chains were covered by the PEG chains.  Therefore, in a liquid environment, the PVP blocks 
should be sticking to the silica while PEG chains should be floating on the PVP blocks.  In other words, it 
is conclusive that PVP is the anchor block and PEG is the buoy block in a copolymer brush consctructed 
from PVP-b-PEG diblock copolymer. 
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Figure 4.7. QCM-D response (Δf and ΔD) of the adsorption of 0.0005 mM PVP-PEG 3k/2k on silica 
from toluene at 25 °C.  Vibrational modes are indicated by the odd numbers, 3, 5 and 7, e.g., “f3” 
represents the Δf at n = 3. 
 
Table 4.5. Contact Angles of Water Droplets on Polymer Layers 
Polymer Layer Water Contact Angle (°) 
PEG-2.2k 48.0 ± 3.0 
PVP-10.2k 59.4 ± 3.0 
PVP-PEG 3k/2k 49.2 ± 3.6 
 
4.3 Conclusion 
 
     The adsorption of PVP-b-PS shows that the final layer thickness is dominated by the buoy block size if 
the anchor block is small and is controlled by both the buoy and anchor block sizes if the anchor block is 
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large.  The final layer thickness has a direct relationship with solution concentration and inverse 
relationship with temperature.  The adsorption of PVP-b-PEG shows that a brush conformation can be 
achieved with PVP as the anchor block and PEG as the buoy block. 
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Chapter 5. Stimuli-Responsive Brush Layer 
 
     This chapter describes the construction of two-component diblock copolymer brushes prepared by 
means of sequential adsorption of copolymers PVP-b-PS and PVP-b-PEG.  Two sequential adsorptions 
will be discussed and compared; one of them is the sequential adsorption of PVP-b-PEG followed by 
PVP-b-PS and the other is the sequential adsorption of PVP-b-PS followed by PVP-b-PEG.  Since the 
hydrophobic PS and the hydrophilic PEG are used as the buoy blocks, the two-component layer can have 
a switchable property after alternative soaking in hydrophilic and hydrophobic solvents.  The stimuli-
responsible properties with two solvents, water and hexane, will be discussed based on the results of 
water contact angle measurements. 
 
5.1 Introduction 
 
     Stimuli-responsive surfaces can be made by consctructing polymer brushes that respond to 
environmental changes such as temperature, pressure, light, solvent selectivity, pH, applied electrical 
field, etc.51-53  A switchable brush makes surface properties (e.g., wettability, adhesion, biocompatibility, 
and friction) that are tunable by external stimuli.  Such surfaces can be applied in many fields, such as 
drug delivery devices, microfluidic analytical devices, sensors, imaging technologies. 51-55  Theoretical56-57 
and experimental58-59 studies have shown that mixed polymer brush layers undergo conformational 
changes in responding to various external stimuli.   
 
     This experiment described in this thesis focuses on three aspects: a) comparison between sequence 
order in the construction of mixed polymer brush layers of PVP-b-PEG and PVP-b-PS; b) demonstration 
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of switching behavior of the mixed polymer brushes on soaking in hydrophilic and hydrophobic solvents; 
c) determination of the time dependence for conformational change of the mixed brush layer during 
solvent soaking.   
 
5.2 Materials and Experimental 
 
          PVP (Mw = 3,300)-b-PEG (Mw = 2,000)-OCH3 (PDI = 1.25, designated PVP-b-PEG) and PVP (Mw 
= 3,100)-b-PS (Mw = 3,300) (PDI = 1.2, designated PVP-b-PS) were purchased from Polymer Source, 
Inc.  Each of the two copolymers was dissolved in toluene to make a 0.0005 mM solution.  For the 
sequential adsorption, one solution was first introduced to the silica substrates in the QCM-D flow cells at 
25 °C.  The frequency associated with a complete mushroom layer of the first copolymer was computed 
via the Sauerbrey equation.  When the frequency dropped to the frequency associated with a complete 
mushroom layer, the solution reservoir was switched to the second solution.   
 
5.3 Results and Discussion 
 
5.3.1 Sequential Adsorption of PVP-b-PEG Followed by PVP-b-PS 
 
     The radius of gyration of PEG (Mw = 2,000) is about 1.6 nm, so the mass of a complete mushroom 
layer of PVP-b-PEG (Mw = 5,300) is 109.4 ng/cm
2.  The frequency corresponding to a completed 
mushroom layer is about -6.2 Hz, at which the solution was switched from PVP-b-PEG to PVP-b-PS.  
The QCM-D response of the sequential adsorption of PVP-b-PEG followed by PVP-b-PS is shown in 
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Figure 5.1.  No desorption was observed during the rinsing process.  The equilibrium frequencies were -
33.9, -28.6, and -26.0 Hz at n = 3, 5, and 7, respectively.  The equilibrium dissipation values were around 
5 x 10-6, indicating a viscoelastic layer.  The final layer thickness was 8.4 nm, determined from the Voigt 
model.  This thickness is greater than 2 Rg (3.2 nm for PEG and 3.76 nm for PS), confirming the brush 
conformation.  The entire process took about 30 hours to reach equilibrium.   
 
     The two different orders of sequential adsorptions showed different rates of change for frequency and 
dissipation.  A ΔD-Δf plot can show the difference of changing rates more clearly.  Figure 5.2 shows the 
plot of ΔD versus Δf for sequential adsorption of PVP-b-PEG followed by PVP-b-PS on silica from 
toluene.  The inflection point of each curve indicates the moment when PVP-b-PS started to adsorb to the 
surface.  The steepness of the slope of the ΔD-Δf plot is an inverse measure of rigidity of the adsorbed 
layer.60  The decrease of slope after the inflection point suggests that the PVP-b-PEG layer (the first 
introduced layer) has more viscous character than the PVP-b-PS layer (the second introduced layer).   
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Figure 5.1. QCM-D response (Δf and ΔD) of the sequential adsorption of 0.0005 mM PVP-b-PEG 
followed by 0.0005 mM PVP-b-PS on silica from toluene at 25 °C.  Vibrational modes are indicated by 
the odd numbers, 3, 5 and 7, e.g., “f3” represents the Δf at n = 3.  Solution was switched around 50 mins 
(indicated by the vertical dashed line), when a complete mushroom layer of PVP-b-PEG formed. 
 
 
Figure 5.2. ΔD versus Δf for the sequential adsorption of PVP-b-PEG followed by PVP-b-PS on silica 
from toluene at 25 °C.  Vibrational modes are indicated by n.   
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5.3.2 Sequential Adsorption of PVP-b-PS Followed by PVP-b-PEG 
 
     The radius of gyration of PS (Mw = 3,300) is about 1.88 nm, so the computed mass of a complete 
mushroom layer of PVP-b-PS (Mw = 6,400) is 96.2 ng/cm
2.  The corresponding frequency is about -5.4 
Hz at which the solution was switched to PVP-b-PEG.  The QCM-D response of the sequential adsorption 
of PVP-b-PS followed by PVP-b-PEG is shown in Figure 5.3.  No desorption was observed during the 
rinsing process.  The equilibrium frequencies were -25.0, -20.2, and -17.8 Hz at n = 3, 5, and 7, 
respectively.  The equilibrium dissipation values were around 5 x 10-6, indicating a viscoelastic layer 
formed.  The final layer thickness was 6.4 nm, determined from the Voigt model.  The entire process took 
about five hours to reach the equilibrium. 
 
 
Figure 5.3. QCM-D response (Δf and ΔD) of the sequential adsorption of 0.0005 mM PVP-b-PS 
followed by 0.0005 mM PVP-b-PEG on silica from toluene at 25 °C.  Vibrational modes are indicated by 
the odd numbers, 3, 5 and 7, e.g., “f3” represents the Δf at n = 3.  Solution was switched around 10 mins 
(indicated by the dashed line), when a complete mushroom layer of PVP-b-PEG formed. 
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5.3.3 Comparison between the Two Orders of Sequential Adsorptions 
 
     As described in previous sections, both sequential adsorptions have been successfully used to make 
mixed brush layers.  To simplify the phrases of the two sequential adsorptions, the sequential adsorption 
of PVP-b-PEG followed by PVP-b-PS (described in section 5.3.1) is designated Approach 1, and the 
sequential adsorption of PVP-b-PS followed by PVP-b-PEG (described in section 5.3.2) is designated 
Approach 2.   
 
     Figure 5.4 shows the ΔD-Δf plots of the two sequential adsorptions at different vibrational modes.  At 
each vibrational mode (presented in separate graphs), each sequential adsorption curve has an inflection 
point.  The inflection point indicates the moment when the solution was switched to the second polymer.  
The curve of Approach 1 at each vibrational mode shows a rapid increase before the inflection point and a 
gentle increase after the inflection point.  On the other hand, the curve of Approach 2 at each vibrational 
mode shows a gentle increase at the beginning but a rapid increase after the inflection point.  The lower 
slope for the PVP-b-PS in each sequential adsorption also indicates that it was more rigid than the PVP-b-
PEG layer. 
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Figure 5.4. ΔD versus Δf for the two sequential adsorptions, Approach 1 and Approach 2.  Vibrational 
modes are indicated by n.  
 
     Table 5.1 summarizes the main differences of the two sequential adsorptions.  Regarding time 
consumed of the each sequential adsorption process, Approach 1 took about 30 hours while Approach 2 
only took 5 hours.  The results suggest that it is easy for PVP-b-PEG layer to penetrate PVP-b-PS layer, 
but hard for PVP-b-PS layer to penetrate PVP-b-PEG layer.  In other words, the mushroom layer of PVP-
b-PEG creates a larger barrier to the later adsorption of PVP-b-PS.  Moreover, comparison of the final 
brush layer thickness of the two sequential adsorptions shows that Approach 1 creates a thicker brush 
layer than Approach 2 does.  Again this could be due to a buoy block of PEG offering a larger energy 
barrier to penetration by PS than is offered by PS to PEG.  This difference could be also caused by the 
fact that the floppy layer can be squeezed more than the rigid layer so that both kinds of polymer chains 
can stretch more from the surface to the solvent.  
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Table 5.1. Comparison between the Results of Approach 1 and Approach 2. 
Sequential 
Adsorption 
Term Time Consumed 
(hour) 
Final Layer 
Thickness (nm) 
Slope of ΔD-Δf plot 
PVP-b-PEG followed 
by PVP-b-PS 
Approach 1 30 8.4 high to low 
PVP-b-PS followed 
by PVP-b-PEG 
Approach 2 5 6.4 low to high 
 
 
5.3.4 Switching Behavior of the Two-Component Brush Layer 
 
     Contact angle measurements were carried out to study the switching behavior of the mixed polymer 
brush surfaces of PVP-b-PEG and PVP-b-PS.   Contact angles of water drops were measured at ambient 
conditions.  The sample surfaces used in this study were made by Approach 1, as described in section 
5.3.1.  Each sample surface was alternatively dipped in water and toluene solvent with each soaking about 
30 minutes.  Samples were dried with argon gas before measurement.   
      
     Contact angles of water drops on mixed polymer brush surfaces are given in Table 5.2 and Figure 5.5.  
Brushes were constructed in toluene solvent, so that the initial water contact angle was measured after the 
sample was taken out of the toluene and dried with argon gas.  It should be noted here that toluene is a 
selective solvent for both PS and PEG, while water is a selective solvent for PEG only.  From Table 5.2, 
it was observed that this two-component brush surface soaked in toluene and dried was hydrophobic, with 
contact angle value around 75°.  It was also observed that this surface soaked in water became less 
hydrophobic (as compared with a toluene-soaked surface), with a contact angle value around 60°.  The 
water contact angle of the surface after a toluene soak was about 10° smaller than that obtained for dried 
PVP-b-PS monolayers (about 89°), but 20° higher than that obtained for dried PVP-b-PEG monolayers 
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(about 50°).  On the other hand, the water contact angle of surface with water treatment was about 30° 
higher than that obtained for dried PVP-b-PS monolayers, but was very close to that obtained for PVP-b-
PEG monolayers.  This result demonstrates the switching behavior of the mixed brush layer as a result of 
soaking in different solvents.  The switching is due to different buoy blocks remaining at the top of the 
surface after the layer is dried.  The mechanism of the switching behavior of the PVP-b-PEG and PVP-b-
PS mixed layer is schematically illustrated in Figure 5.6. When a sample surface was soaked in toluene, 
both PS and PEG chains were swollen stretched away from the surface.  When the surface was dried, PS 
and PEG chains collapsed concurrently on the PVP anchor layer.  On the other hand, when sample 
surface was soaked water, only PEG chains were swollen and stretched away from the surface to 
preferentially occupy the top of the layer.  When the surface was dried, the PEG chains collapsed onto the 
PS chains.  Since PEG formed the top-most layer, the contact angle of water on this surface was lowered, 
reflecting the hydrophilicity of PEG.  Moreover, the repeatedly consistent values of contact angles for 
each type of soaking suggests that the two-component brush remains well anchored to the silica surface 
through several switching operations.  
 
Table 5.2. Water Contact Angle of PVP-b-PS and PVP-b-PEG Mixed Polymer Brush Surfaces under 
Alternate Water and Toluene Soaking Treatment. 
 
Contact angle (°) 
Intial (toluene) 75.23 ± 3.55 
30 mins Water Soaking 59.22 ± 1.95 
30 mins Toluene Soaking 79.93 ± 2.48 
30 mins Water Soaking 62.38 ± 4.00 
30 mins Toluene Soaking 74.07 ± 3.86 
30 mins Water Soaking 57.53 ± 3.65 
30 mins Toluene Soaking 73.46 ± 3.67 
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Figure 5.5. Contact angle results of the mixed brush layer of PVP-b-PS and PVP-b-PEG after the 
alternate water and toluene soaking.  Each soaking took 30 minutes.  Error bars represent one standard 
deviation of eight replicate measurements. 
 
 
Figure 5.6. Schematic diagram showing switching behavior of mixed polymer brushes alternate soaking 
treatment with toluene and water.  Polymer chains collapse when the surface is dried.  PVP, PS and PEG 
chains are represented by black, red and blue curves, respectively. 
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5.3.5 Responsive Properties of the Two-Component Brush Layer for Solvent and Non-solvent 
 
     Contact angle measurements were carried out to study the time dependence of solvent-soaking time on 
the conformational change of the PVP-b-PS and PVP-b-PEG mixed brush layer.  Water and hexane were 
used as the solvents to treat the mixed brush layer for different time periods.  The sample surfaces used 
were made by Approach 1 and Approach 2 (as described in sections 5.3.1 and 5.3.2).  It should be noted 
that water is a selective solvent for PEG and a non-solvent for PS, while hexane is a non-solvent for both 
PEG and PS.   
 
     In the study of water-soaking time dependence, sample surfaces were soaked in water for 0, 1, 10 and 
30 seconds, 1, 2, 5, 10 and 30 minutes, 1, 2, 5, 10, 24 and 48 hours.  Sample surfaces were dried with 
argon gas before measurement of water contact angle.  Contact angles of water drops on the mixed brush 
layers water-soaked for different time periods are given in Table 5.3 and Figure 5.7.  In the case of 
surfaces made by Approach 1, the water contact angles decreased from 75.74° ± 2.18° to 45.76° ± 2.54°, 
i.e., the surface became more hydrophilic, as the soaking time increased from 0 seconds to 48 hours.  In 
the case of surfaces made by Approach 2, the water contact angles decreased from 60.59° ± 1.75° to 
45.71° ± 1.82° (became more hydrophilic).  The water contact value was a function of water-soaking 
time, as shown in Figure 5.7.  The decreasing contact angle values with increasing water-soaking time 
reveals the process of the conformational change of the mixed brush layer.  After brush construction in 
toluene, both PS and PEG chains remained stretched in toluene. When the surface was dried with argon 
gas, PS and PEG chains simultaneously collapsed to form a uniform mixed layer.  When the surfaces 
were soaked with water, PEG chains stretched in water, but PS chains moved away from the water (closer 
to the PVP anchor layer).  When this surface was dried with argon gas, the lower PS chains, already 
collapsed, underlay the collapsing PEG chains.  The PEG chains cover the PS chains to an extent 
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depending on the soaking time.  It was observed that the process of conformational change was stabilized 
after water-soaking for 24 hours for surfaces made by both approaches.  The final contact angle value 
(water-soaked for 48 hours) of surface made by Approach 1 was very close to that of surface made by 
Approach 2.  The similar value suggests that PS chains were fully covered by PEG chains for the mixed 
layers made by either approach. 
 
Table 5.3. Water Contact Angle of PVP-b-PS and PVP-b-PEG Mixed Brush Layer Water-Treated for 
Different Time Periods.  
Water Soaking Time  Contact Angle (°) 
Approach 1 
Contact Angle (°) 
Approach 2 
0 secs 75.74 ± 2.18 60.59 ± 1.75 
1 sec 68.89 ± 2.56 59.66 ± 2.24 
10 secs 65.75 ± 0.89 56.77 ± 2.03 
30 secs 63.15 ± 1.57 54.65 ± 2.00 
1 min 60.49 ± 1.52 54.15 ± 1.95 
2 mins 57.44 ± 1.46 53.44 ± 2.94 
5 mins 56.85 ± 2.81 53.54 ± 1.70 
10 mins 56.46 ± 1.61 53.81 ± 2.91 
30 mins  55.20 ± 2.68 52.36 ± 1.56 
1 hour 51.95 ± 1.40 52.10 ± 2.01 
2 hours 51.24 ± 1.76 51.63 ± 3.12 
5 hours 48.18 ± 1.11 51.44 ± 1.68 
10 hours 47.24 ± 0.86 50.44 ± 1.44 
24 hours 45.76 ± 1.11 44.60 ± 1.60 
48 hours 45.76 ± 2.54 45.71 ± 1.82 
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Figure 5.7. Contact angles of water drops on PVP-b-PS and PVP-b-PEG mixed brush.  Results for 
brushes made by Approach 1 and Approach 2 water-treated from 0 seconds to 48 hours (172,800 seconds) 
are shown.  The time (in seconds) axis is logarithmic.  Error bars represent ± one standard deviation of 
eight replicate measurements. 
 
     In the study of hexane-soaking time dependence, sample surfaces were soaked in hexane for 0, 1, 10, 
30 and 60 seconds, 2, 24 and 48 hours.  Contact angles of water drops on the mixed brush layers hexane-
treated for different time periods are given in Figure 5.8.  For surfaces made by both approaches, the 
water contact angle remained around 60° regardless of the hexane-soaking time.  Therefore, hexane-
soaking treatment does not significantly change the conformation of the mixed brush layer of PVP-b-PS 
and PVP-b-PEG from its original dried state. 
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Figure 5.8. Contact angles of water drops on PVP-b-PS and PVP-b-PEG mixed brush surfaces.  Results 
for brushes made by Approach 1 and Approach 2 are shown.  Samples were hexane-soaked for 0 seconds 
to 48 hours (172,800 seconds).  The time (in seconds) axis is logarithmic.  Error bars represent ± one 
standard deviation of eight replicate measurements. 
 
5.4 Conclusion 
 
     The two-component brushes of PVP-b-PS and PVP-b-PEG were constructed successfully by two 
approaches.  Approach 1 was a slow process that provided a denser brush, while Approach 2 was a fast 
process that provided a less dense brush.  The main cause of the difference in the two approaches was 
assumed to be a difference in energy barrier to penetration provided by PEG versus PS.  PEG offered a 
larger energy barrier to penetration by PS than PS offered to penetration by PEG.  As expected, the two-
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component brushes showed switching behavior when alternately soaked in toluene and in water.  
Moreover, the extent of the conformational changes observed in the two-component brushes was 
dependent on soaking time in water.  For soaking in a non-solvent (hexane), the two-component brushes 
cannot rearrange; this is to be expected for a non-solvent. 
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